1. The general features of the reaction by which carbon tetrachloride stimulates lipid peroxidation have been elucidated in rat liver microsomal suspensions and in mixtures of microsomes plus cell sap. The production of lipid peroxides has been correlated with malonaldehyde production in the systems used. 2. The stimulation of malonaldehyde production by carbon tetrachloride requires a source of reduced NADP+ and is dependent on the extent of the endogenous peroxidation of the microsomal membranes: if extensive endogenous peroxidation occurs during incubation then no stimulation by carbon tetrachloride is apparent. 3. The stimulation of malonaldehyde production by carbon tetrachloride has been shown to be proportional to the square root of the carbon tetrachloride concentration in the incubation mixture. It is concluded that the stimulation of malonaldehyde production by carbon tetrachloride results frem an initiation process that is itself dependent on the homolytic dissociation of carbon tetrachloride to free-radical products. 4. The increased production of malonaldehyde due to carbon tetrachloride is accompanied by a decreased activity of glucose 6-phosphatase in rat liver microsomal suspensions. 5. The relative activities of bromotrichloromethane, fluorotrichloromethane and chloroform have been evaluated in comparison with the effects of carbon tetrachloride in increasing malonaldehyde production and in decreasing glucose 6-phosphatase activity. Bromotrichloromethane was more effective, and fluorotrichloromethane and chloroform were less effective, than carbon tetrachloride in producing these two effects. It is concluded that homolytic bond fission of the halogenomethanes is a requisite for the occurrence of the two effects observed in the endoplasmic reticulum.
The toxic action of carbon tetrachloride on rat liver, which is manifest as an extensive centrilobular necrosis, is dependent on the metabolism of carbon tetrachloride by an enzyme system located in the endoplasmic reticulum (see Slater, 1966a; Recknagel, 1967) . It has been suggested that one likely route of the metabolism of carbon tetrachloride involves the formation of free-radical products (Hove, 1948; Butler, 1961; Wirtschafter & Cronyn, 1964; Recknagel & Ghoshal, 1966; Comporti, Saccocci & Dianzani, 1965; Slater, 1966a) .
The formation of significant quantities of nonassociative radicals such as the trichloromethyl radical, of transient existence but high chemical reactivity, can be expected to result in severe disturbances to enzyme activities and organized structure of the endoplasmic reticulum. In particular, the attack of free-radical intermediates on unsaturated lipids in intracellular membranes to result in lipidperoxidationhasbeen stressedby several groups of workers to be of particular relevance to the necrogenic action of carbon tetrachloride (Ghoshal & Recknagel, 1965; Comporti et al. 1965; Slater, 1966a) . Previous studies have shown that carbon tetrachloride will stimulate lipid peroxidation in vitro in suspensions of liver microsomes plus supernatant (Ghoshal & Recknagel, 1965; Comporti et al. 1965 ) and in microsomes alone provided that a source of NADPH is present (Slater, 1966b) .
In view of the possible relationship between lipid peroxidation and the onset of necrosis (see Recknagel, 1967) it is of obvious importance to investigate the mechanisms by which carbon tetrachloride stimulates lipid peroxidation in vitro, and the relationship of such results in vitro to the situation in vivo. In this and following papers (Slater & Sawyer, 1971a,b) these points are considered. Bioch. 1971, 123 T. F. SLATER AND B. C. SAWYER METHODS General procedures and enzyme a88ays. The rats used were albino females of about 120g body wt.; they were fed on a modified diet M.R.C. 41 (Oxo Ltd., London S.E.1, U.K.) and water ad libitum. The rats used were obtained from four sources: (A) Twyford Laboratories Ltd.; (B) University College London; (C) Carworth (Europe) Ltd., Alconbury, Hunts., U.K.; (D) A. J. Tuck and Son, Rayleigh, Essex, U.K.; changes in the source of albino rats used were a consequence of external factors outside our control. Although the rate of endogenous peroxidation varied in liver suspensions prepared from rats from different sources, no significant differences were observed in the response to the addition of carbon tetrachloride to liver suspensions.
Rats were killed by cervical dislocation, and the livers were quickly removed, weighed and cooled in ice-cold 0.25M -sucrose. The suspensions were centrifuged at 11 700g,,. for lOmin at 20C; the supernatant solution was carefully removed and reoentrifuged by using the same conditions. The supernatant solution so obtained was used as 'the microsomes-plus-supernatant mixture'. In experiments with microsome suspensions, the microsomes-plus-supernatant mixture described above was further centrifuged at 20C for 40min at 157000g,y. (Superspeed 50 centrifuge; MSE Ltd., Crawley, Sussex, U.K.). The microsomal pellet was rinsed until free from overlying supernatant with ioe-cold 0.15m-KCl and was resuspended in ice-cold 0.15m-KCI such that ml of suspension contained microsomes equivalent to g wet wt. of original liver.
A standard stock solution contained 83.5mm-KOCl; 37.2mM-tris-HCl buffer, pH8.0; 5.5mM-glucose 6-phosphate (sodium salt); 0.245mm-NADP+ (sodium salt); l0mmi-acetamide; and 8.4 i.u. of glucose 6-phosphate dehydrogenase in a total volume of 32.4ml. Standard stock solution (32.4ml) was mixed with either 4ml of microsome suspension or with 6ml of microsome-plus-supernatant suspension to constitute the microsome-stock suspensions or the microsomes-plus-supernatant-stock suspensions that were added immediately on preparation to the central oompartments of the Warburg flasks. In a few instances the tris buffer was replaced by phosphate buffer (Na2HPO4-NaH2PO4, 0.l1x, pH7.4) and the acetamide was replaced by 5 mx-nicotinamide; no differences in experimental behaviour were observed in such cases.
Inorganic pyrophosphatase activity in the incubation mixtures was determined as described by Slater & Sawyer (1969) . Glucose 6-phosphatase activity was determined by the method of Delaney & Slater (1970) ; incubations for both enzyme assays were for 30min at 370C. Oxidized and reduced NADP were measured in tissue extraots by the method of Slater, Sawyer & Strauli (1964) .
Determination of malonaldehyde and lipid peroxide. To study the effects of CC14 and other halogenoalkanes on the production of material giving a positive reaction in the thiobarbituric acid reaction (see below), 2.5ml of a microsome-stock suspension, or of a microsomes-plus-supernatant-stock suspension, was placed in the central compartment of a Warburg flask. An appropriate quantity (l-10{sl) of the halogenoalkane in liquid paraffin was added to the side arm of the flask with a Hamilton microsyringe to allow diffusion of the halogenoalkane during incubation. The flask was sealed and incubated at 3700 in the dark with gentle shaking (60 shakes/min). Incubation times were usually 10-15min for microsome-stock suspensions and 60 min for microsomes-plus-supernatantstock suspensions; the actual incubation time used and other individual details are given for each experiment at the appropriate position in the text.
At the end of the incubation periods 1 ml samples of the suspension were removed from the central compartments of the Warburg flasks, mixed with 2ml of 10% (w/v) trichloroacetic acid and stood in ice for approx. 15min. The precipitates were separated by centrifugation and 2ml samples of the clear supernatant solution were mixed with 2ml of aq. 0.67% thiobarbituric acid and heated in a boiling-water bath for 10min. The solutions were then cooled in ice for 5 min, after which the E535 was determined.
The results are expressed in terms of malonaldehyde production; a calibration curve was constructed by using malonaldehyde bis-diethyl acetal (Schuchardt Chemische Fabrik, Munchen, Germany) as a standard. The ES35 was linear with increasing amounts of malonaldehyde added (range studied 0-25nmol). The molar extinction coefficient determined with the standard sample was 1.49x 10 1-mol -cm-,; this was used in calculating results on a molar basis. Because the stimulations of malonaldehyde production due to CC14 were small in terms of the absolute amounts of malonaldehyde measured, incubations for each point described in the Results section were performed in triplioate and sometimes in pentuplicate. Thiobarbituric acid determinations on the incubated mixtures were carried out on each incubation mixture in duplicate; each value described in the Results section is thus the mean of six to ten malonaldehyde determinations.
Gas-liquid chromatography of the thiobarbituric acid reaction mixture (Frinz & Cole, 1962) has indicated the presence of several reaction products. This and other evidence (Saslow, Corwin & Waravdekar, 1966) (Slater & Sawyer, 1971a,b) (measured iodometrically) and malonaldehyde concentration (measured by the thiobarbituric acid reaction). The relationship was linear over the corresponding ranges studied (malonaldehyde, 0-16nmol/ml of suspension; lipid peroxide, 0-400nmol/ml of suspension). It can be seen that malonaldehyde production is much lower on a molar basis than the corresponding change in lipid peroxide. This is a well-recognized hazard of using malonaldehyde determinations to follow the course of lipid peroxidation and it is important to check the basic correspondence between the two parameters in the particular system under study. Provided that the incubation time was kept constant then malonaldehyde concentration was linearly related to the concentration of lipid peroxide in the systems studied here.
Determination of halogenoalkane8 in tis8ue suspensions. solution were added to a mixture of 15 ml of scintillation fluid and 0.5 ml of microsome-plus-supernatant-stock suspensions to provide a calibration curve. Microsomesplus-supernatant-stock suspensions (3.0ml) were incubated for 60min at 37°C in the central compartments of
Warburg flasks containing known amounts of the 14CC14 solutions in the side arms after which samples (0.5ml) of the suspensions in the central compartment were added to 15ml of scintillation fluid. The scintillation fluid was the thixotropic mixture described by Bray (1960) and Gordon & Wolfe (1960) . The radioactive content of the mixtures was determined by using a Packard Tri-Carb spectrometer on the '4C-mode, set for 10000c.p.m. or 10min. Halothane, bromotrichloromethane, fluorotrichloromethane and chloroform were measured in tissue suspensions by g.l.c. by using a Pye model 104 gas chromatograph with a 63Ni electron-capture detector. RESULTS Coenzyme dependence and incubation time. The stimulation of malonaldehyde production in liver microsomes-stock suspensions by carbon tetrachloride is dependent on a source of NADPH that cannot be replaced by NADH (Table 1 ). The stimulation of malonaldehyde production in microsomes-stock suspensions increased linearly with the time of incubation at 37°C up to approx. 15 min but then decreased; with microsomes-plus-supernatant-stock suspensions the stimulation by carbon tetrachloride increased linearly with incubation time up to at least 90min at 37°C (Fig. 1) . Measurements of malonaldehyde concentration during the linear regions of the two curves in Fig. 1 may thus be equated in a proportional manner with the rate of production of malonaldehyde.
This conclusion is further favoured by the finding that no significant destruction of added malonaldehyde (0-lOnmol/ml of suspension) could be detected in a microsomes-stock suspension during an incubation period of 15 min at 370C.
-The decrease in the stimulation produced by carbon tetrachloride in microsomes-stock suspensions with incubation times greater than 15 rmin ( Fig. 1 ) possibly reflects the rapid destruction of NADP+ +NADPH in the microsomes-stock suspension. There was a rapid destruction of NADP + + NADPH during the incubations at 370C, as shown in Table 2 for microsomes-plus-supernatant-stock suspensions. The stimulation of malonaldehyde production by carbon tetrachloride was increased by high initial concentrations of NADP+ in the stock solution; there was a similar rise in the endogenous production of malonaldehyde. Table 3 shows the results obtained by using a microsome suspension prepared from female rats prestarved of food for 24 h before death; a similar correlation of stimulation with the concentration of NADP+ was found by using microsomes isolated from normally fed rats.
No stimulation of malonaldehyde production by carbon tetrachloride was observed with microsomes-stock suspensions in which the microsome sample had first been heated under anaerobic conditions for 5min at 700C or 5min at 1000C. Similarly, no stimulation was observed when glucose 6-phosphate was omitted from the standard stock solution. These results indicate that the stimulatory effect of carbon tetrachloride involves an enzymic interaction with the microsomes and requires the presence of NADPH.
The mean stimulation of malonaldehyde production by carbon tetrachloride (2,u of mixture with liquid paraffin, 1:1, v/v, in the side arms of Warburg flasks) in microsomes-stock suspensions after incubation times of 10-15min, was 19+1% (mean of 64 separate experiments ±S.E.M.) expressed as a percentage of the endogenous peroxidation measured in the absence of carbon tetrachloride. In corresponding experiments with microsomes-plussupernatant-stock suspensions and an incubation time of 60min at 37°C, the mean stimulation in malonaldehyde production due to carbon tetrachloride was 64+13% (mean of 68 experiments ±5.E.M.). The wide variability in the stimulation produced by carbon tetrachloride in microsomesplus-supernatant-stock suspensions is discussed below.
Vol. 123 8007 Dependence on endogenoua peroxidation. No significant stimulation of malonaldehyde production in microsomes-stock suspensions by carbon tetrachloride during a 1imin incubation at 370C was obtained when the endogenous production ofmalonaldehyde was more than approx. 15nmol/ml of suspension in the same period. A similar effect was seen also with microsomes-plus-supematant-stock suspensions where, owing to differences in incubation conditions (i.e. longer incubation times), the stimulatory effect of carbon tetrachloride disappeared at a higher endogenous concentration of malonaldehyde production (25 nmol/ml of suspension; Fig. 2 ).
It can be seen that when a low endogenous production of malonaldehyde was obtained there was a correspondingly high stimulation by carbon tetrachloride (Fig. 2) . The wide range of values for endogenous peroxidation shown in Fig. 2 was found without any additional experimental treatment of the microsomes-plus-supernatant-stock suspensions and probably results from a variety of factors. First, the experiments were performed over a timeperiod of some 3 years-and albino rats from four sources were used. Secondly, endogenous peroxidation is markedly affected by the presence of Fe2+ and haem compounds (see Wills, 1969b) ; microsome suspensions contain variable quantities of adsorbed haemoglobin, and iron contamination of glucose 6-phosphate was found, in retrospect, to be severe in stocks from some suppliers. Thirdly, endogenous peroxidation and the stimulation of malonaldehyde production due to carbon tetrachloride are both markedly dependent on the dietary status of the rats from which liver samples are taken. An indication of the magnitude of this latter effect is seen after starving rats while allowing free access to water. Under such conditions endogenous peroxidation may be nearly trebled in extent and the stimulatory action of carbon tetrachloride is also greatly increased (Table 4) . A combination of the effects outlined above is sufficient to account for the wide variation in endogenous peroxidation shown in Fig. 2 Table 2 . L088 ofNADPH during incubation of8tock mixture at 370C In Expt. (a) microsomes-plus-supernatant-stock suspensions were incubated for 10 or 20 min at 37°C in the presence or absence of CCl4 (2,u of a 1:1, v/v, mixture in liquid paraffin in the side arms of Warburg flasks). At the end of the incubation samples of the stock were mixed with 0.1 M-NaOH and placed in a boiling-water bath; NADPH was determined by the method of Slater et at. (1964) . In Expt. (b) the conditions were similar to Expt. (a) but 5,ul ofCC14 -liquid paraffin (1:1, v/v) was placed in the side arms of Warburg flasks. After lOmin incubation samples of the mixture were mixed with cold 1 M-HC104 or hot 0.1 M-NaOH. NADP+ and NADPH were determined as described by Slater et al. (1964) Fig. 3 ), both the stimulation by carbon tetrachloride and the endogenous peroxidation decreased. These latter effects are possibly due to a solvent-like action of carbon tetrachloride on the lipoprotein environment of the membrane-bound enzyme system in the microsomes. The results in Fig. 3 were obtained from four experiments; a similar non-linearity was observed in a further four experiments with microsome-plussupernatant-stock mixtures and in the one experiment performed with a microsomes-stock mixture. Fig. 3 also gives the results relating the amount ofcarbon tetrachloride added to the side arms of Warburg flasks to the concentration in the stock medium in the central compartments: it can be seen that the relationship is linear. The results in Fig. 3 are replotted in Fig. 4 to show the relationship between the stimulation in malonaldehyde production and the square root of the concentration of carbon tetrachloride in the microsomes-plus-supernatant-stock mixtures: the relationship is linear. Vol. 123 809
For reasons already discussed, the concentration of malonaldehyde in microsomes-plus-supernatantstock suspensions after 60 min incubation at 3700 is Malonaldehyde produced (nmol/ml of suspension) Fig. 2 . Dependence of stimulation of malonaldehyde production on endogenous peroxidation. The ordinate shows the percentage stimulation of malonaldehyde production due to carbon tetrachloride (2,ul of CC14-liquid paraffin, 1:1, v/v) after an incubation time of 60min at 370C. The abscissa gives the corresponding amounts of malonaldehyde produced (nmol/ml of suspension) in the absence of carbon tetrachloride. Suspensions of microsomes plus supernatant in 0.25 M-sucrose (1 ml ofsuspension contained approximately 0.3g wet wt. of liver) were mixed with standard stock solution; malonaldehyde was determined by the thiobarbituric acid reaction. directly proportional to the rate of production of malonaldehyde during that time. The results in Fig. 4 thus show that in microsome-plus-supernatant-stock suspensions the rate ofmalonaldehyde production is proportional to the square root of the concentration of carbon tetrachloride in the suspension.
Effects of other halogenoalkanes. The results obtained for the concentration of various halogenoalkanes in stock medium containing microsomes plus supernatant after a 60 min incubation at 370C and with 2,1j of halogenoalkane-liquid paraffin mixture (1 : 1, v/v) in the side arm of Warburg flasks are shown in Table 5 . It can be seen that the colorimetric and radioisotope dilution methods for determination of carbon tetrachloride gave consistent results. The concentration found (approx. 0.2mM) was considerably lower than the concentration reported for a saturated aqueous solution of carbon tetrachloride at 30°C (5.2mM; International Critical Tables, 1928) . The concentrations of the other halogenoalkanes in the microsomes-plussupernatant-stock solution after 60 min at 370C were: chloroform, 2.67mM; halothane, 1.77mM; fluorotrichloromethane, 0.066mM; bromotrichloromethane, 0.0121mM. Owing to the very high volatility of fluorotrichloromethane (b.p. 240C) some doubt must exist as to the precision of the value quoted for its solubility in the stock mixture. The value given should be considered as a minimum one for its solubility in incubation mixture, so that its true concentration, in the absence of any loss by evaporation, is probably somewhat higher than given.
The stimulatory effects of the halogenoalkanes on the production of malonaldehyde in microsomesplus-supernatant-stock suspensions are shown in Table 6 where the results have been calculated on an equimolar basis by using the solubilities given in Table 5 . It can be seen that there is a definite order of reactivity with respect to stimulatory activity: Table 4 . Effect of starvation on endogenous production of malonaldehyde and on the stimulatory action of carbon tetrachloride on malonaldehyde production in microsomes-stock su8pensions
Rats from source (D) were used in these experiments. Where necessary the rats were deprived of food for 24 h or 42 h but were allowed free access to water. Microsomes-stock suspensions were prepared as described in the Methods section and were incubated for 30min at 370C in the dark. pensions and in microsomes-plus-supernatantstock suspensions were also measured. The results with microsomes-plus-supernatant-stock suspensions are shown in Fig. 5 and are also corrected to an equimolar basis by using the solubilities given in Table 5 . It can be seen that carbon tetrachloride is most active in decreasing glucose 6-phosphatase activity and is followed in relative effectiveness by chloroform. Halothane and fluorotrichloromethane were inactive over the concentration range where carbon tetrachloride was observed to be strongly inhibitory. The effects of the halogenoalkanes on glucose 6-phosphatase activity in microsomes-stock sus-DISCUSSION Many studies (see May & McCay, 1968; Wills, 1969a,b,c) (5) advance of the discussion here, and in following papers (Slater & Sawyer, 1971a,b) , that the stimulation of malonaldehyde production due to carbon tetrachloride probably involves a shorter segment of the NADPH-cytochrome P-450 chain than does the endogenous peroxidative route(s) dependent on NADPH. The two peroxidative pathways (endogenous peroxidation and the stimulation due to carbon tetrachloride) can, in fact, be varied independently of each other; evidence for this statement is given in the following paper (Slater & Sawyer, 1971a) .
Stimulation of malonaldehyde production by carbon tetrachloride. The process of lipid peroxidation that is responsible for the production of malonaldehyde in tissue suspensions is a complex reaction involving a free-radical initiation stage. The stimulation of malonaldehyde production by carbon tetrachloride could represent the chemical involvement of carbon tetrachloride as an initiator of lipid peroxidation (this would entail the metabolism of carbon tetrachloride to free-radical intermediates) or an unspecific lipophilic action of carbon tetrachloride on the membranes of the endoplasmic reticulum. The latter possibility is unlikely since other halogenoalkanes with physical properties similar to carbon tetrachloride (e.g. chloroform, fluorotrichloromethane), but which undergo homolysis far less readily, are much less active in stimulating malonaldehyde production (see Table 6 ). Conversely, bromotrichloromethane, which enters homolytic reaction pathways more readily than carbon tetrachloride, is more active in stimulating the production of malonaldehyde in microsomes-plus-supernatant-stock suspensions. These results on the relative reactivities of the halogenomethanes not only rule out the possibility of the stimulatory actions on malonaldehyde production being unspecific in character but strongly indicate that a homolysis of the halogenomethane is necessary for its stimulatory action. The latter indication is substantiated, at least for carbon tetrachloride, by the results in Figs. 3 and 4. It was found that the rate of malonaldehyde production due to the presence of carbon tetrachloride was proportional to the square root of the concentration of carbon tetrachloride in the suspension. These results are strong evidence that initiation of the lipid-peroxidative reaction is by a free-radical product of the homolysis of carbon tetrachloride (for a general discussion of this point in relation to polymerization reactions see Walling, 1957) . The most likely mechanism for the homolysis of carbon tetrachloride in the relatively nonpolar environment of the membranes of the endoplasmic reticulum is through an interaction between carbon tetrachloride and some endogenous 'frozen radical centre' in the membrane. A process of electron capture (Gregory, 1966) perhaps more important reactions such as destruction of neighbouring nucleotides and thioldependent enzymes. The production of significant quantities of trichloromethyl radicals would be expected to result in the formation of some hexachloroethane by self-annihilation; this material has been detected in rabbit liver after treatment with carbon tetrachloride (Fowler, 1969) . What might be considered to be an important difference between endogenous peroxidation in liver microsomes and the additional peroxidation due to the presence of carbon tetrachloride is shown up by the results in Fig. 2 . Whereas endogenous peroxidation proceeds until most, if not all, of the unsaturated lipid in the microsomes is peroxidized (Hochstein & Ernster, 1963; May & McCay, 1968) the stimulation due to carbon tetrachloride is only apparent when the rate of endogenous peroxidation is low. This could be due to the effects of carbon tetrachloride on lipid peroxidation being restricted to a particular lipid-rich zone in the microsomes; once this had been destroyed by endogenous peroxidation then no additional effect of carbon tetrachloride would be evident. If so, then it would follow that the peroxidation produced by carbon tetrachloride is heavily damped by local concentrations of antioxidants and that the effective diffusion distance of trichloromethyl radicals is not sufficient to initiate homolytic initiation steps outside of this vicinity. In such a situation carbon tetrachloride would not cause a spreading wave of unspecific peroxidative damage throughout the endoplasmic reticulum but, instead, would result in a selective damage to a spatially confined zone. However, this conclusion is made unlikely by the results in Table 3 , which show that the stimulatory action of carbon tetrachloride is increased about fivefold as the concentration of NADP+ in the stock is raised to approximately five times that usually used. At the same time there is a smaller though still substantial increase (about twofold) in endogenous peroxidation. This suggests that the results shown in Fig. 2 were the consequence of a substantial destruction of NADP+ during the incubation period (see Table 2 ) and that endogenous peroxidation has a lower requirement for NADP+ than does the stimulatory action of carbon tetrachloride.
In this paper the general features ofthe process by which carbon tetrachloride stimulates the production of malonaldehyde in rat liver endoplasmic reticulum have been outlined. It has been concluded that carbon tetrachloride undergoes a homolytic cleavage, possibly by interaction with an endogenous radical component present in the endoplasmic reticulum, to initiate homolytic degradative reactions in neighbouring components. One Vol. 123 813 such degradative reaction is lipid peroxidation that is capable of ready demonstration by the measurement of malonaldehyde production. As such, malonaldehyde production is an indication ofhomolytic reactions involving carbon tetrachloride, of which lipid peroxidation is only one among several potentially degradative reactions that would ensue. The relative importance of such reactions to the necrogenic action of carbon tetrachloride in vivo is not known but remains a problem of considerable interest. It is of obvious importance to identify the site ofinteraction between carbon tetrachloride and the endoplasmic reticulum that is responsible for the homolytic consequences, and to investigate the effects of a number of free-radical scavengers on the deleterious homolytic reactions in vitro and in vivo. These studies are reported in the following papers (Slater & Sawyer, 1971a,b Ltd., Pharmaceuticals Division, very kindly carried out the gas-liquid-chromatographic analyses for us.
